Introduction
Although about 15% of couples in Europe are unable to conceive within one year only lim ited attention has been paid to infertility in environmental research and occupational medical practice. Lack of proper research methods and limited knowledge in the field are probably among the reasons. Reduced male fecundity is involved in a major fraction of infertile cases, but most often the causes of reduced semen quality and other disturbances of male reproductive function are unknown.1 Environmental factors including workplace exposures may be of greater significance than recognised so far.2 The testis is more sensitive to radiation and radiant heat than any other tissue of the organism and limited comparable data indicate that some chemicals can impair human fecundity at exposures which do not produce detectable changes in rat spermatoge nesis. 3 The reserve capacity of sperm pro duction-which can be destroyed without impairment of fecundity-is probably limited in humans compared with many other species/1 Finally, several examples of occupa tional exposures causing impairment of male fecundity-such as certain pesticides, metals, and solvents2-also call for additional research in this field.
Semen analysis provides readily obtainable information on quantitative and qualitative aspects of testicular function. This approach has advantages as well as limitations compared with other measures of male fecundity such as fertility rates'5 fl and time to pregnancy.7 Among the main advantages are the possibility to examine men independently of marriage, the possibility to find changes across exposure conditions within the same person, and the possibility to detect adverse effects at an early Bonde, Giwercman, Emst, Asclcpios stage when no alteration of fertility is yet pre sent.
The purpose of this paper is to present and discuss the methodological advantages and limitations of environmental sperm studies and to suggest options for improvement of design and analysis. A brief outline of biological mechanisms of male reproductive toxicants, measures of semen quality, and the relation between seminal variables and fertility is a necessary introduction to the design issues.
Possible mechanisms of action of factors affecting male fertility
The normal male fecundity is a result of a complicated interplay of several mechanisms involved in production of spermatozoa as well as the transportation of the sperm from the gonads to the ejaculated semen. Thus, the hypothalamopituitary axis regulates, through the production of the gonadotrophins FSH and LH, the function of Sertoli cells of the seminif erous epithelium and of the androgen produc ing Ley dig cells. Additionally, the normal function of cells located outside the seminifer ous tubules-Leydig cells and die so called myoepithelial cells-is necessary for maintain ing normal sperm production. Furthermore, factors affecting normal function of the acces sory sex glands-epididymis, prostate, and seminal vesicles-will also have influence on the fertilising potential of sperm. Prostate and seminal vesicles are highly androgen depen dent but apart from this only a little is known about the physiology and pathophysiology of accessory sex glands.y Also the process of nor mal erection and sperm emission and ejacula tion are of crucial importance to the fecundity of the male. Psychogenic, neurogenic, and other factors are involved in these processes.li There is, therefore, no doubt that occupa tional and other environmental factors may have a negative impact on male reproductive function acting by different mechanisms: (a) as hormones or antihormones interfering with the normal endocrine and paracrine regula tion; (b) as toxicants destructing specific cell types such as germ cells, Sertoli cells, or Leydig cells; (c) as germ cell mutagens causing production of sperm unable to fertilise or resulting in early miscarriage, malformation, or genetic disease in the offspring; (d) as neu rotoxic compounds disturbing normal erec tion, emission, or ejaculation. 8 It also needs to be mentioned that not only the type of exposure but also the timing in relation to the development of the reproduc tive system is important for the type and mag nitude of the harmful effect. The period between the 8th and the 10th gestational week seems to be critical for the development of the male gonads.10 It has been hypothesised that relatively insignificant exposures acting at this period of the prenatal life may have serious consequences for the future reproductive capability of the man.11 Thus, studies on envi ronmental effects on male reproduction should not only focus on exposures rendered during the reproductive life, but should also include the fetal and infantile period of the development.
Measures of sem en quality and their biological significance in relation to fecundity
For obvious reasons, there is an interest in defining biological variables which reflect the fecundity (biological ability to father a child) of men. Some valuable information may be extracted from clinical examination, mainly die measure of testis size and serum concen trations of sex hormones and gonadotrophins. Other laboratory tests such as sensitive urinary assay of human chorionic gonadotrophin for detection of early subclinical miscarriages may also be of relevance for occupational studies.
However, as laboratory tests for evaluation of male fecundity, the analysis of different semen variables has attracted most attention. Table 1 shows the most common semen vari- or with the use of assisted reproduction.18 However, there is still a lack of information on the value of CASA as a marker of fecundity. Another major problem is lack of standardisa tion between different CASA systems includ ing measurement conditions (chamber type, duration of measurement period, dilution o f semen, etc).iy As it can be expected that a fur ther development of CASA systems will take place in the near future, it is advised that video tapes of fresh semen samples are recorded, when performing occupational sperm studies. Such tapes may be investigated with already existing systems and may become even more valuable in the future, when more information on the biological significance of different CASA variables become available. Table 2 shows some of the new techniques. Generally, more research is needed to define the value o f these methods for assessment of male fecun dity. On the other hand, although the different biological assays may not be predictive for the fecundity of the male they still may reflect the function of the reproductive system and thereby be useful as indicators of occupational hazards to male reproduction and maybe even cellular damage in general. A significant factor creating difficulties for the interpretation of studies concerning semen quality is the great variation in some semen variables-in particular, ejaculate volume, sperm density, and motility. The fluctuations within a man are nearly as great as the varia tion between men and can only partly be explained by the duration of the period o f abstinence. For yet unknown reasons, the con centration and probably also the sperm motility seem to be subject to seasonal variation, with best quality being registered during the winter and spring in the northern hemisphere.20 Seasonal variation, however, accounts only for a part o f the total variation, which, thus, remains largely unexplained.
Another factor adding to the confusion in the interpretation of assessment o f semen quality is the enormous variation in m ethodol ogy between the different laboratories. Currently, based on the guidelines of a working group under the World Health Organisation special programme of research, development, and research training in human reproduction, efforts have been made to intro duce standardisation and quality control in sperm laboratory work.21 Table 3 shows the magnitude of variation within and between laboratories for some of the most common semen variables. As the assessment of semen quality-even within the same laboratorymay be subject to variation between techni cians and related to time,22 a continuous quality control should be performed. This issue is even more relevant if data obtained in different laboratories are pooled. In such cases an external, coordinated quality control proce dure is highly recommended. 23 
Logistics o f field studies
Semen analysis has for decades been the cor ner stone in the andrological evaluation of the male partner of infertile couples throughout the world.24 Although religious and personal attitudes towards sexual behavior may be incompatible with the collection of semen samples-for instance, in some catholic com munities-the conduct of occupational sperm studies in populations spanning different cul tural and ethnic groups in developing as well as developed countries indicate that, basically, it is feasible to carry out population based sperm studies.2 Nevertheless, the logistics of an occupational sperm study must account for the intimate nature of the topic in the way par ticipants are approached, informed, recruited, and in the way semen samples are collected. The participants must be confident that not only the results of the individual semen analysis but even the providing of semen samples are kept confidential. Semen samples should be obtained by mas turbation rather than by interrupted inter course to standardise the collection procedure as much as possible. It seems that some seminal variables are influenced by the method of semen collection.8 A feasible approach is ask ing men to produce the semen sample at home. Spillage is probably not unusual and must be recorded to allow valid data analysis of semen volume, sperm concentration, and total sperm count. The study design must account for the significance of the period of sexual abstinence.25 In andrological practice men are ask to provide the semen sample between two and five days after the last ejacu lation.21 This approach is not entirely satisfac tory in research because the sperm count is significantly lower two than five days after the last ejaculation. On the other hand it is not realistic to ask people to provide a sample fol lowing a fixed interval of sexual abstinence. The best compromise may be to ask for a sam ple after preferably two to five days of sexual continence at the same time emphasising, firstly, the importance of recording the exact and true abstinence period and, secondly, that abstinence periods outside the recommended interval is not invalidating the use of the sample for the purpose of the study. With correctly recorded abstinence periods it is possible to adjust the results in data analysis, discussed later. One main constraint of a population based sperm study is the requirement to process and examine the sample within two hours to obtain valid measurements of sperm motility.26 Usually an andrological unit or a sperm research laboratory will not be within one hour's distance of the workplace or worker's home. This problem may be solved by a setting up a temporary laboratory at the workplace or by equipping a mobile unit (figure), where the initial processing of the sample is conducted within two hours of ejaculation. Further analy sis takes place at the specialised laboratory.
The use of seminal variables as biological markers of male fecundity in occupational health research is beset with ethical problems also known from other research fields. One particular problem is unrecognised azoosper mia which can be expected to show up in l%-2% of an unselected male population and for which no medical treatment can be offered in most cases. The participants in a study should not automatically be informed about the results of the semen analysis but should be told-before providing the sample-that there is a small chance that a condition incompatible with the fathering of a child might be found by the examination and given this information the participant must actively himself decide whether he wants to be informed about the result of the semen analysis. This is particu larly important if his partner is pregnant or has recently had a baby.
Design options CROSS SEC TIO N A L STU D IES
The discovery in 1977 of the severe spermatotoxic action of the nematocide dibromochloropropan (DBCP) among workers at a chemical plant initiated several studies of occupational risk to male reproductive function.2 With few exceptions all studies comparing the distribu tions of seminal variables in an exposed popu lation with those of an unexposed reference population were cross sectional. The partici pation rates were seldom above 70% and their was a uniform tendency towards lower partici- pation rates among controls (table 4), T he possibility that the men available for study may not truly reflect the parent population is a matter of concern. In particular a low partici pation rate would seriously interfere with the internal validity of a cross sectional study if differential selection took place depending on factors related to semen quality. This did indeed occur in a Danish study of metal welders. 34 Men who agreed to provide semen samples more often had earlier knowledge that their semen quality was reduced-for instance from an earlier andrological examinationthan men who refused to participate. This dif ferential selection was much more pronounced among controls than among exposed men (table 5) . Also the association between partici pation and a history of urogenital disorder was stronger among controls than among exposed men in this study. These findings may not be common to all occupational sperm studies, but nevertheless they show the limitations of the cross sectional design for deriving causal inferences. D ue to seasonal variation in sperm count, the collection of samples in exposed and con trol men needs to take place concomitantly and possible differences in semen quality between men in urban and rural areas, which are not yet verified, need also to be taken into consideration.
It may be possible to obtain a higher partici pation in cross sectional studies by carefully informing and motivating workers and by lim iting the age of the study population (table 6) . However, this approach may prevent identifi cation o f interaction between exposure and age and effects resulting from long term cumu lative exposure. Because the ranges of several seminal variables within a man are of the same magnitude as the ranges between men there is little advantage in asking for more than one semen sample per man in cross sectional studies if enough subjects are available for study.35^37 The cross sectional design, however, is burdened by several other limitations. Sperm studies share the problems of identifi cation of a suitable reference group with other occupational studies of this type. The normal distributions of seminal variables are non-existent for large random population samples investigated with well defined and validated methods. Published series of seminal distribu tions in fertile men3839 and men attending examination at infertility clinics40 are expected to be more and less fertile, respectively, than a random population sample and differences in abstinence periods and analytical methods invalidate use of such values for reference. When a cross sectional design shows small dif ferences between exposed and control men it is always of concern whether the findings should be interpreted as higher than average values in the one group or lower than average values in the other group. This, together with the trivial fact that the time dimension of the cause effect relation is completely hidden in the cross secdonal approach, calls for more valid designs.
LONGITUDINAL STUDIES

Design
The longitudinal design option is a rational answer to several of the main problems inher ent in the cross sectional approach. If it is possible to achieve a significant reduction of a potential spermatotoxic expo sure at the workplace, repeated sampling of semen during and after die period of change in work conditions would enable a longitudinal analysis of the relation between exposure and male reproductive function. 42 43 The work force might be highly motivated to participate in this type of reversed longitudinal study because of the inherent improvement of work ing conditions. The main scientific limitation is the underlying assumption that spermatoge nesis-if suppressed-will return to normal within a short time after reduction of expo sure. In particular this approach is not to be used in studies dealing with substances that accumulate in the body.
Controls
In principle the longitudinal design comparing changes within subjects does not render a ref erence group of non-exposed workers super fluous. Temporal shifts in seminal variables may occur because of seasonal variation,20 44 local epidemics of infections, or because of yet unknown43 or random effects. If it is possible to document a significant contrast of exposure within the exposed study population the men with low exposure may adequately serve as controls for those with high exposure. Also the seasonal variation of seminal variables may be accounted for by collecting follow up samples with intervals of 12 months.
Implementation
It is more difficult to organise and implement a longitudinal study in spite of the lower num ber of participants required to achieve compa rable statistical power (discussed later). However, when the occupational exposure of interest is seasonal-as for instance exposure to fungicides among potato farmers during the summer period-it is possible to recruit and sample a sufficient number of workers during short time periods before and then after the season. If the period of exposure is shorter than the spermatogenic cycle perhaps addi tional semen samples should be collected after the session of exposure to detect effects on the early stages of spermatogenesis. When the exposure of interest is not seasonal, the imple mentation of the longitudinal design relies on a sufficient turnover of the workforce to enable the enrolment of newly hired workers. This may be difficult during periods of economic recession or decline of the industry of interest. Pre-employment health examinations, training courses, or schools for apprentices may consti tute the organisational framework for recruit ment of newly hired workers. Alternatively the on site occupational health service or produc tion manager might report the hiring of new workers directly to the research team.
Validity
Although the worker participation may be low in a longitudinal study requesting that each man provide several semen samples, this does not affect the internal validity. If the partici pating subgroups of workers are more or less vulnerable to the possible spermatotoxic actions of the exposure of interest this has bearings on the external validity. If for instance sub fertile men are more likely to par ticipate and subfertility is associated with increased vulnerability to reproductive toxi cants the results of a longitudinal study might lead to an overestimation of the impact of exposure in the general work force. From both a scientific and a public health point of view the validity of the cause effect relation itself often has higher priority than external validity.
Dropout
In longitudinal studies a proportion of enrolled participants are expected to be lost to follow up for one reason or another. Although it is important to account for this when plan ning the dimensions of the study the drop outs will not bias the causal inference unless drop ping out is dependent on change of semen quality in a systematic way. This is unlikely if results are only communicated to participants after the end of the study.
OTHER M ETH O D O LO G ICA L ISSUES
Although the longitudinal design is a rational Bonde solution to the main limitations of the cross sectional design there are several m ethodologi cal issues common to both approaches. The great variability of in particular sperm count and motility reflects imprecision of the measurements^ variation between observers^ different frequency and efficiency of ejacula tion, and fluctuations in the activity of the germinal epithelium. Imprecision of measure ment and variation between observers can be reduced by implementing good laboratory practice and by computerised methods for objective assessments of sperm motility. The part of the variation of sperm count which is due to variability in the sampling procedurethe process of ejaculation-can be diminished but not eliminated by using a sample obtained after three to six ejaculations daily for three days.45 This procedure eliminates spermatozoa resident in the genital duct systems and in the ampulla and the result is more stable values reflecting the spermatogenesis. This protocol is, however3 impossible to implement in an occupational field study. On the other hand it is unlikely that this source of variation can be related to exposure and the most realistic solu tion to this problem for the time being is the creation of a study population of a sufficient size. In this context it is interesing that it may become possible to identify biochemical mark ers of Sertoli cells and germ cell function in seminal fluid or blood. 46 If male reproductive toxicity is associated with diminished libido or impotence it may be impossible to obtain semen samples from the men most severely affected by the harmful exposure. This matter is of concern because some substances may interfere with reproduc tive function through central nervous or neuroendocrine mechanisms-for instance organic solvents and lead.47 48 To be able to assess the significance of this problem infor mation about libido and impotence should be gathered from all eligible men who are invited to participate-whether or not they actually become enrolled.
The testicular function of men who have had a vasectomy cannot be ascertained from semen analysis. This potential source of bias can be circumvented by restricting the study population to the younger age ranges where vasectomy is uncommon.
The extraneous determinants which must be accounted for in study design or analysis include personal and semen sample character istics (table 7). In the longitudinal design the personal characteristics are only potentially confounding the results if the characteristic is changed during the follow up period-for instance that a smoker becomes an ex-smoker. If stable during follow up extraneous determi nants may have significance as modifiers rather than confounders of the basic relation. 25 Within the interval zero to seven days the rela tion is not linear but is probably better described by a logarithmic relation and finally the increment is dependent on the person's level of testicular function-men with a high daily sperm output have a higher increase of sperm count per day of abstinence than have men with a low sperm output. If the distribu tions of abstinence periods are identical in exposed and unexposed men in before and fol low up samples there is no need for adjust ment. However, if adjustment is needed it may either be done by adding a term-the loga rithm of abstinence period-to the multivari ate model or by adjusting all values to a fixed abstinence period of-for instance, three days. The correction factor might be derived from the actual data or from the literature-for instance 10 million/ml/day.25 A sensible strat egy o f analysis would be to test whether results are robust to both methods of adjusting for abstinence period.
Statistical analysis and power
Conclusion
In conclusion, andrological methods and epi demiological designs are available for the implementation of valid studies concerned with environmental impact on human testicular function. The cost and difficulty of the logis tics of the study indicate that sperm studies should probably not be the first choice when the objective is initial screening of environ mental impact on fertility. Simple question naire based techniques measuring time to pregnancy is a much less costly and a more feasible alternative in these situations. Occupational sperm studies, however, should be implemented when their is a need to cor roborate or refute earlier evidence that specific exposures have impact on testicular function.
